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ABSTRACT

Twenty-four multiparous and fifteen first lactation
Holstein cows averaging 263 days in milk and weighing
614 kg were fed diets adequate or deficient in ruminal
nitrogen (N), based on predictions of the Cornell Net
Carbohydrate and Protein System (CNCPS). After ad-
justment to a low crude protein (CP) total mixed rations
(TMR; 12.6 % CP), the cows were allocated to 13 blocks
based on lactation number, milk production, body condi-
tion score, and body weight. Within each block, cows
were randomly assigned to one of the 3 treatment (TRT)
diets (9.4, 11.1 and 14.1 % CP for TRT 1, 2, and 3,
respectively). All diets contained the same proportion of
high moisture corn, chopped grass hay, and minerals,
with urea substituted for corn silage as needed to reach
the three CP levels. The TRT diets were then fed to the
cows for 4 wk. Milk production was significantly affected
by TRT: 15.5, 18.8, and 21.7 kg/d for TRT diets 1, 2, and
3, respectively. DMI was increased significantly as the
percentage of CP increased from 9.4 to 14.1% CP: 17.6,
20.0, and 21.2 kg/d for TRT diets 1, 2, and 3, respectively.
CNCPS predictions for production (with and without the
N adjustment for ruminal N deficiency) of metabolizable
protein (MP) allowable milk were compared with ob-
served milk production. Using the average individual
weekly cow data from all 3 TRT, we found that the
CNCPS accounted for 72 and 68% of the variation in
MP allowable milk without and with the N deficiency
adjustment, respectively. The overall mean bias without
the N adjustment was 3.3 kg of milk (over prediction
model bias of 14.6 %, P < 0.001), and the N adjustment
reduced the model over-prediction bias to 0.01 kg of milk
(P = 0.96).
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Abbreviation key: CNCPS = Cornell Net Carbohy-
drate and Protein System, eNDF = effective NDF, GER
= Gastrointestinal Entry Rate, GIT = gastrointestinal
tract, HMC = high moisture corn, MP = metabolizable
protein, MUUN = milk and urinary urea nitrogen, MUN
= milk urea nitrogen, NDS = neutral detergent soluble,
pTMR = pretrial TMR, PUN = plasma urea nitrogen,
RNB = ruminal nitrogen balance, UER = urea-N entry
rate, UUN = urinary urea-N.

INTRODUCTION

Many experiments in which NPN has been added to
high forage diets have yielded inconclusive results, and
only small responses have been obtained (Ørskov, 1992).
Animal responses to dietary NPN supplements require
that the N available in the rumen be below the microbial
requirement (Van Soest, 1994). The lack of animal re-
sponses to NPN in high forage diets is likely due to a
lack of available ruminally degradable carbohydrates
(Van Soest, 1994), and low cell wall digestibility in ma-
ture forages (Ørskov, 1992). When ruminal N is deficient,
fiber fermentation and microbial yield can be depressed
(Hume et al, 1970). Correcting this ruminal N deficiency
may result in an increase in DM digestibility with a
consequent increase in food intake (Ørskov, 1992).

Most ruminal bacteria can utilize NH3 as a nitrogen
source, but some can be stimulated by peptides and
amino acids (Allison, 1969). The amino acid and peptide
stimulus effect varies, however, and may depend upon
the degradability of the energy source (Cruz Soto et al.,
1994). The Cornell Net Carbohydrate and Protein Sys-
tem (CNCPS) 3.0 had a peptide stimulation adjustment
that enhanced microbial yield by as much as 17%, but
did not have a provision for N-deficiency per se. In ver-
sion 4.0 of the CNCPS (Fox et al., 2000), the predictions
of fiber digestion and production of microbial mass from
ruminal degradation of carbohydrates are adjusted
when ruminal N is deficient (Tedeschi et al., 2000). While
the rate of digestion of feeds may decrease due to a
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ruminal N deficiency (Mehrez et al., 1977; Erdman et
al., 1986), data to mechanistically model a change in the
rate of digestion of the CNCPS carbohydrate fractions
are not currently available. Recent work has indicated
that ruminal bacteria that do not digest fiber can spill
energy when amino N is lacking and carbohydrates are
in excess, but some of the decrease in apparent growth
efficiency can be explained by the effect of amino N on
growth rate (Van Kessel and Russell, 1996). When these
same ruminal bacteria have only ammonia, growth is
slower and they must devote a large fraction of their
energy to maintenance functions (Russell and Strobel,
1993). In early versions of the CNCPS, bacterial growth
was driven exclusively by the ratio of carbohydrate fer-
mentation, and the peptide stimulation function could
not accommodate both energy loss and the effect of amino
N on bacterial growth rate (Russell et al., 1992).

CNCPS 4.0 (Fox et al., 2000) has equations that adjust
microbial yield and fiber digestion when ruminal N is
deficient (Tedeschi et al., 2000). Data for lactating dairy
cattle were lacking, however, and the model was only
evaluated for experiments involving growing cattle.

The objective of this experiment was to evaluate the
CNCPS adjustments of ruminal microbial protein pro-
duction and fiber digestion in animals fed high forage
diets, using data on the performance of lactating dairy
cattle sensitive to dietary N supplementation.

MATERIALS AND METHODS

General

This experiment was conducted at the Teaching and
Research Center at Cornell University during the fall of
1999. Twenty-four multiparous and fifteen first lactation
Holstein cows averaging 263 DIM, and 614 kg BW were
used in this study. Before the beginning of the experi-
ment, the diets were gradually changed from the farm’s
TMR to a low CP TMR [pretrial TMR (pTMR)] during
a 12 d transition period. The TMR DMI was measured
during the 5 days before the transition period. During
the 12 d transition period, the amount of TMR was de-
creased incrementally, and the amount of pTMR was
increased. During the 12 d transition period, cows were
offered a ration of 35:65, 60:40, and 80:20 of pTMR:TMR
for 6, 4, and 2 days, respectively. By the end of the
transition period, the TMR was completely replaced by
the pTMR. The pTMR then was fed to the cows during
a 13 d period (pre-trial period). After 10 d on the pTMR
diet, all cows were blocked (13 blocks, 3 cows each) based
on lactation number, milk production, BCS, and BW.
Within each block, cows were randomly assigned to one
of the three treatment diets. The treatment diets were
provided for 4 weeks (lactation trial). Rumen fistulas
had been previously fitted to nine of the cows in accor-
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Table 1. Diet ingredients used for pre-trial (P) and trial treatment
diets (1, 2, and 3)1

Diet

Feedstuff P2 13 24 35

(% of DM)
Corn silage 47.5 48.6 47.9 46.8
High moisture shelled corn 27.4 27.5 27.4 27.4
Grass hay 22.0 22.0 22.0 22.0
Urea 1.2 0.0 0.7 1.8
Calcium sulfate 0.5 0.5 0.5 0.5
Dicalcium phosphate 0.4 0.4 0.4 0.4
Magnesium oxide 0.1 0.1 0.1 0.1
Calcium carbonate 0.3 0.3 0.3 0.3
Salt 0.4 0.4 0.4 0.4
Premix6 0.2 0.2 0.2 0.2

1All values expressed on a dry matter basis.
2Designed to have 11% CP.
3Designed to have 8% CP.
4Designed to have 10% CP.
5Designed to have 13% CP.
6Composition: 1.98% Mn, 1.98% Zn, 0.97% Fe, 0.43% Cu, 0.04% I,

0.04% Co, 0.01% Se. 2,600,000 IU/kg of vitamin A, 1,060,000 IU/kg
of vitamin D, 8,800 IU/kg of vitamin E.

dance with procedures approved by the Cornell Institu-
tional Animal Care and Use Committee.

Housing and Feeding Management

All diets fed to ad libitum intake. The cows were
housed in individual stalls, and were milked at 1130 and
2330 h. Water was provided at all times from automatic
water bowls. All diets (Table 1) were prepared daily, and
contained the same proportion of high moisture corn
(HMC), chopped grass hay, and minerals with urea sub-
stituted for corn silage as needed to reach 8, 10, and
13% CP (treatment diets 1, 2 and 3, respectively). Cows
were fed at 0800. The amounts of minerals and vitamins
supplied were based on NRC recommendations. Because
a sulfur deficiency limits NPN utilization (Bouchard and
Conrad, 1973), calcium sulfate was added to produce
diets containing 0.20% sulfur. The amount of feed offered
was adjusted to yield approximately 10% orts. The DM
of individual diet feed ingredients was determined three
times per week using a microwave drying oven to obtain
data for this calculation.

Model Evaluation

The evaluation of the CNCPS model was conducted
with the data from the lactation trial, and the analysis
was performed using weekly data from the measured
DMI of each individual cow. Feed samples were com-
bined by week for analysis by wet chemistry analysis,
and the production data (milk volume and milk compo-
nents) for each cow were averaged weekly.
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The adjustment in N only modifies the predictions of
fiber digestion and microbial protein synthesis if the
ruminal N balance [RNB (percentage of N required pre-
dicted by the CNCPS)] is under 100% (Tedeschi et al.,
2000). In order to determine the RNB in the CNCPS,
the potential microbial growth from ruminally degraded
fiber and nonfiber carbohydrates is computed. If fer-
mentable energy is the first limiting nutrient, microbial
protein production is dictated by energy. If, however,
ruminal N is limiting (RNB is under 100%) a reduction in
fiber carbohydrate bacterial yield and fiber carbohydrate
digestion is computed.

Sampling, Collection and Analysis

General. Milk production was recorded daily at 1130
and 2330. Milk samples were collected at each milking.
Samples were preserved with 2-bromo-2-nitropropane-
1, 3 diol and were analyzed for fat, protein, milk urea
nitrogen (MUN), and SCC at the New York DHIA milk
testing laboratory (infrared analysis; Foss 605B Milko-
Scan; Foss Electric, Hillerod, Denmark). On days 16, 17,
18, 19, and 20 of the lactation trial, milk sub-samples
were also analyzed for MUN by manual urease/Berthelot
determination (Sigma urea nitrogen procedure no. 640,
Sigma Diagnostic, St. Louis, MO). All cows were bled
from the coccygeal vein 3 h after the morning feeding
during the last day of each of the 4 weeks of the lactation
trial. Samples were immediately placed on ice, and sub-
sequently centrifuged at 3000 × g for 15 min at 4°C.
Then, plasma was collected and stored at −20°C. Plasma
was analyzed for urea N (PUN) using a Technicon autoa-
nalyzer (Technicon Instruments Corporation, Tar-
rytown, NY) using the diacetyl monoxime method of
Marsh et al. (1965).

During the pre-trial and lactation trials, DMI was
measured daily by weighing feed offered and refused.
Samples of the diet and orts were dried at 60°C in a
forced-air oven for 48 h to determine DM. During the
lactation trial, all diet feed ingredients were sampled
weekly. Corn silage and HMC samples were frozen in
liquid nitrogen, stored at −20°C, and subsequently
freeze-dried. Feed samples (corn silage, HMC, and hay)
were ground to pass a 1 mm screen in a Wiley mill
(Model 4, Arthur H. Thomas Co. Philadelphia, PA). Sam-
ples were combined for each week. All feed samples were
analyzed for Kjeldahl N using boric acid in the distilla-
tion flasks (Pierce and Haenisch, 1947), NDF with so-
dium sulfite and ADF, and acid detergent lignin (Van
Soest et al., 1991). All protein fractions, buffer-soluble
protein, NPN, ADIN, and neutral-detergent insoluble N
were determined according to the procedures of Licitra
et al. (1996). Ash and ether extract were analyzed ac-
cording to the AOAC (1990). The digestion kinetics of
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the carbohydrate fractions of the hay, HMC, and corn
silage were determined with the gas production proce-
dure as described by Pell and Schofield (1993). The rate
of digestion of the neutral detergent soluble (NDS) frac-
tions in the hay (combined carbohydrate fractions A and
B1) were measured using a curve subtraction technique
with in vitro gas production data from the whole forage
and the isolated neutral detergent extracted fiber (Scho-
field and Pell, 1995). The in vitro fermentation of the
HMC was conducted with fresh samples, and because
of the low gas contribution of the corn B2 fraction, the
HMC B2 digestion rate value used was that obtained by
Chen et al. (1999). The B2 digestion rate value of the
corn silage was obtained from the isolated corn silage
neutral detergent extracted fiber fermentation, and the
value assigned to the corn silage A+B1 digestion rate
fraction was the value obtained from the HMC.

Digestion and nitrogen balance trial. The 9 rumi-
nally fistulated cows (3 cows per treatment) were kept in
metabolism stalls, and a 7-d fecal-urine collection period
was conducted during d 17 to 23 of the lactation trial.
Feed offered and samples of the orts were collected for
each cow. Samples were dried at 60°C in a forced-air
oven for 48 h for DM determination. Samples were subse-
quently ground to pass a 1 mm screen in a Wiley mill,
and combined by volume across the 7-d period. Samples
were analyzed for NDF and Kjeldahl N as described pre-
viously.

Urine was collected from the nine fistulated cows via
a Foley catheter. In order to assess the amount of acid
needed to bring urinary pH to 3, urine samples were
collected by eliciting micturition by manual stimulation
of the vulva 1 d before the catheters were inserted. Urine
was collected twice daily in buckets with 350 ml of 20%
H2SO4. Each morning at the end of a 24-h period, the
two collections were mixed, and a daily sample (1% of
volume) was collected, and stored at −20°C. Samples
were thawed, subsequently combined by cow, and ana-
lyzed for Kjeldahl N as described previously.

Feces were collected every 24 h. A daily sample (3 %
of volume on a wet matter basis) was collected and stored
at −20°C. After the experiment was completed, fecal sam-
ples were thawed, combined by cow, and analyzed for
DM, NDF, and Kjeldahl N (on wet samples) as pre-
viously described.

The amount of N in the milk was calculated from
DHIA milk true protein data.

Ruminal fermentation, blood sampling, and in
situ NDF digestibility. Ruminal fluid was collected
every 3 h for a 48 h period during d 17 to 18 of the
lactation trial. Ruminal fluid was collected by suction
from at least five locations in the rumen. The samples
were combined (500 ml total) and strained through four
layers of cheesecloth. A sub-sample (50 ml) was chilled
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to 5°C, transported to the laboratory and centrifuged at
500 × g (5 min, 5°C) to remove feed particles and proto-
zoa. The sample was then centrifuged at 10,000 × g (15
min, 5°C) to remove bacteria. A portion of the clarified
ruminal fluid (10 ml) was frozen for ammonia and VFA
analyses. The pH of the ruminal fluid was measured as
described by Ruiz et al. (2001). Ammonia in cell-free
ruminal fluid was measured by the colorimetric method
of Chaney and Marbach (1962). Ruminal VFA were
quantified by HPLC (Beckman model 334 liquid chroma-
tograph, Model 156 refractive index detector, Model 421
CRT data controller, CR1A integrator, Bio-Rad HPX-
87H organic acid column, 20-µL loop, 0.013 N H2SO4,
0.5 ml/min, 50°C).

One day before the rumen sampling period, the nine
fistulated cows were catheterized in the jugular vein.
While a rumen sample was taken, a blood sample from
the jugular vein catheter was taken for PUN determina-
tion and analyzed as previously described.

The ruminally fistulated cows were used to measure
in situ NDF digestibilies at the end of the pre-trial period
and at the end of each of the 4 weeks of the lactation
trial. Before the beginning of the experiment, a 7-kg
sample of the corn silage used during the trial was dried
at 60°C in a forced-air oven for 48 h, had its DM deter-
mined, and was subsequently ground to pass through a
4-mm screen (Wiley mill, Model 4, Arthur H. Thomas
Co. Philadelphia, PA). Samples weighing approximately
5.0 g were placed in 10-cm × 20-cm Dacron polyester
bags with a pore size of 53 µm. Eight bags and a blank
(empty bag) were placed in a zippered nylon mesh lin-
gerie sack (38 × 46 cm; 4 × 6 mm mesh) and incubated
in the rumen of each fistulated cow for 30 h. All bags
were simultaneously removed from the rumen and
rinsed with cold tap water to remove material adhering
to the outside of bags and to arrest microbial fermenta-
tion. The NDF was determined directly on the bag using
the ANKOM200/220 Fiber Analyzer (ANKOM Technology
Corp., Fairport, NY).

Nitrogen kinetics. On d 2 of the N balance, immedi-
ately after the 1130 milking, 900 mg of double labeled
urea (99.2 % 15N, Mass Trace Inc, Woburn MA) prepared
in sterile saline (9 g NaCl/L), was infused intravenously
into the jugular vein as a single dose in each animal.
Catheters were then flushed with saline to ensure that
all the tracer had entered the animal. Urine was col-
lected for the next 72 h, and urea was isolated using a
2 ml column containing a cation exchange resin (AG-50,
100-200 mesh, H+ form; Biorad, Richmond, VA). Urea
was diluted to 16.6 mg/dl, degassed and frozen. Ritten-
berg type tubes were removed from the vaccum line and
0.5 ml of lithium hypobromite (LiOBr), previously bub-
bled with He, were added and frozen on top of the urea
solution. The head space was pumped out, the stopcock
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closed, and the hydrolysis tube was incubated at 60°C for
20 min. Under these conditions, the nonmonomolecular
degradation of urea, calculated as the contribution of
mass 29 when a solution of 15N15N urea was (after cor-
recting for the 15N14N-urea present) degraded into
N2,was 6%, similar to the observation of Sarraseca et
al. (1998). The N2 resulting from urea degradation was
introduced into a NC2500 Carlo Erba dual inlet elemen-
tal analyzer (Thermoquest, Milan, Italy) using a Finni-
gan delta plus multiport (Finnigan, San Jose, CA) and
mass/charge 28, 29, and 30 were determined.

Urea-N entry rate (UER) into the urea pool was calcu-
lated from the dilution of the infused 15N15N urea in the
urine. Urinary urea-N (UUN) was measured using a
Technicon autoanalyzer (Technicon Instruments Corpo-
ration, Tarrytown, NY) using the method of Marsh et
al. (1965) and was added to the urea excreted in milk
to yield excreted urea nitrogen [milk and urinary urea-
N, (MUUN)]. The amount of urea-N transferred to the
GI tract [Gastointestinal Entry Rate (GER)] was calcu-
lated as the difference between the amount of urea-N
produced and the amount excreted in the urine and the
milk (GER = UER − MUUN). The urea-N that entered
the gastrointestinal tract (GIT) was hydrolyzed to am-
monia, and the fraction of this N that returned for the
synthesis of a new molecule of urea (ROC, returned to
the ornithine cycle) was calculated from the ratio of
15N14N-urea to [15N14N + 15N15N] according to the model
of Lobley et al. (2000).

Statistical Methods

For all statistical analyses, the plot of the studentized
or standardized residuals against predicted values,
treatments, blocks, or cows were used to identify outliers
and homogeneous variance (Kuehl, 2000).

Lactation data. The lactation data were analyzed
as a repeated measure design with the PROC MIXED of
SAS (1999). We used the restricted maximum likelihood
method to estimate the covariance parameters and the
Satterthwaite method for computing degrees of freedom
for tests of fixed effects in the denominator. The autore-
gressive order was selected to model the covariance
structure. The subject was cow within treatment. The
statistical model following notation is described below:

Yijk = µ + αi + βj + γk + c(a)l(i)
+ (αβ)ij +(αγ)ij +(βγ)ij + eijk

where Yijkl = all dependent variables, µ = overall mean,
αi = fixed effect of treatments, βj = fixed effect of days,
γk = random effect of blocks, c(a)l(i) = cow within treat-
ment, (αβ)ij = fixed effect of the interaction between treat-
ment and day, (αγ)ik = random effect of the interaction
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between treatment and block, (βγ)jk = random effect of
the interaction between block and time, and eijkl = identi-
cal-independent normally-distributed random error.

Additionally, treatment effects were modeled as a
polynomial function of days using the PROC MIXED
of SAS following the procedures outlined by (Littell et
al. (1999).

Digestion, and nitrogen balance and kinetics
data. The 7-d fecal-urine collection period was analyzed
as a complete randomized design using the GLM proce-
dure of SAS (1999). The treatment means were compared
using the least square means (LSMeans) test. The statis-
tical model is shown below:

Yij = µ + αi + eij

where Yij = all dependent variables, µ = overall mean,
αi = fixed effect of treatments, and eij = identical-indepen-
dent normally-distributed random error.

Rumen, PUN, and in situ NDF digestibility data.
A statistical model similar to that of the lactation analy-
sis was used to examine ruminal data (pH, acetate, propi-
onate, butyrate, total VFA, acetate:propionate ratio, am-
monia, PUN, and indigestible NDF). The LSMeans test
was used to compare treatment effects.

Yijkl = µ + αi + βj + c(a)k(i) + (αβ)ij + eijkl

where Yijkl = all dependent variables, µ = overall mean,
αi = fixed effect of treatments, βj = fixed effect of time
(sampling time for the 48-h sampling period, and week
number for the in situ 30-h rumen incubation), c(a)k(i) =
cow within treatment, (αβ)ij = interaction between treat-
ment and time effects, eijkl = identical-independent nor-
mally-distributed random error.

Carbohydrate digestion rates. The parameters re-
lated to the rate of digestion of the corn silage, hay, and
HMC sample gas production curves were obtained by
fitting the following equations (Mertens and Loften,
1980):

Equation 1. V = VFe−k(t−L) when t > L
Equation 2. V = 0 when t ≤ L

where:

V = volume of gas (ml) produced at time t,
VF = volume of gas (ml) from complete substrate

digestion,
k = digestion rate constant (%/h), and
L = discrete lag time (h).

The parameters of equation 1 were obtained by the
NLIN procedure in SAS (1999). The data used in this
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curve-fitting included observations from the fermenta-
tion of the unfractionated hay and fresh HMC and the
isolated neutral detergent extracted fiber of the corn
silage and hay samples.

Model evaluation. The objective of a model evalua-
tion is to determine the precision (repeatability of a pre-
diction), and accuracy (the closeness with which a predic-
tion approaches its true value) of the model being investi-
gated (Cochran and Cox, 1957). Accuracy, the most
important characteristic of a model, can be assessed by
computing the mean bias (Cochran and Cox, 1957):

Mean Bias = 1
n ∑

n

i=1

(predictedi − observedi)

A regression analysis of model predictions was con-
ducted by regressing the observed milk production
against the model predicted milk production, as de-
scribed by Mayer and Butler (1993). We used the first
limiting nutrient, MP allowable milk, as the model pre-
dicted milk production (Kohn et al., 1998). The slope of
the regression when forced through the origin minus one
has been referred to as the model bias. Because of the
ambiguity of testing whether the slope of the regression
differs significantly from 1 when there is much scatter
around the line (Mitchell, 1997), the model bias was
calculated by dividing the mean of the Y-variate minus
the mean of the X-variate by the mean of the X-variate
(Tedeschi et al., 2000). We used the following statistical
measures of model precision: the regression r2, standard
error (SE), and the residual plot, which is the studentized
residuals plotted against regression predicted values
(Mayer and Butler, 1993). Residual plots were analyzed
for outliers and systematic bias (Neter et al., 1996). Re-
gression parameters were estimated by PROC REG, and
the statistical comparison between observed and pre-
dicted values was performed using the two-sample t-test
(SAS, 1999) assuming unequal variances. The CNCPS
evaluation was performed using feed carbohydrate di-
gestion rates from the feed library, and from rates ob-
tained using in vitro gas production measurements and
fitting equation 1 or 1 and 2 combined.

RESULTS

The chemical composition of the treatment diets is
shown in Table 2. The mean milk production and mean
DMI during the pre-trial and lactation trial periods are
shown in Figures 1A and 1B, respectively. Milk produc-
tion was significantly (P < 0.001) different among treat-
ment diets (Table 3). Milk protein percentage increased
(P < 0.05) with increasing level of dietary CP, with diet
1 differing from diets 2 and 3. Increases in the level of
dietary CP significantly resulted in increased (P < 0.01)
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Table 2. Chemical composition of treatment diets.1

Diet

Item 1 2 3

DM, % 57.1 57.6 58.3
NDF, % of DM 35.9 35.6 35.2
Lignin, % of NDF 8.1 8.1 8.1
CP, % of DM 9.4 11.1 14.1
Sol P, % of CP 45.1 54.1 64.1
NPN, % of Sol P 88.8 92.2 94.9
NDIN, % of CP 16.5 13.8 10.8
ADIN, % of CP 5.3 4.4 3.4
Fat, % of DM 2.4 2.4 2.4
Ash, % of DM 5.9 5.9 5.8
Ca, % of DM 0.56 0.56 0.56
P, % of DM 0.31 0.31 0.31
S, % of DM2 0.20 0.20 0.20

1Values are means calculated from ingredient composition values
in Table 1, based on wet chemistry analysis of 4 weekly composites
of individual feed samples. Sol P = soluble protein; NDIN = neutral-
detergent insoluble nitrogen.

2Sulfur content was achieved as a result of adding CaSO4.

milk fat percentage in diets 2 and 3 compared to diet 1.
Using either the DHI values or the urease method, MUN
values were higher (P < 0.001) in diet 3 than for diets 1
and 2. The DHI and the urease MUN methods differed
(P < 0.001), with the urease method being 2.1 units
higher than the DHI values. These differences, however,
were diet dependent. The two methods yielded similar
values for diet 1, but the urease method was 1.9 and 4.7
units higher (P < 0.001) than DHI values for diets 2
and 3, respectively (data from comparison analysis not
shown). PUN values increased (P < 0.001) with increas-
ing level of dietary CP. DMI was depressed by diet 1,
and no significant differences were found between diets
2 and 3.

Figure 1. Effect of treatment diet on milk production (A), and dry matter intake (B). Treatments 1 (9.4 % CP, �), 2 (11.1 % CP, �), and
3 (14.1 % CP, �), respectively.
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Nitrogen intake, partitioning, and digestibilities are
shown in Table 4. Nitrogen intake increased (P < 0.05)
with the increasing level of dietary CP. Urinary N in-
creased (P < 0.001) with increasing level of dietary CP.
Diets 1 and 2 did not differ (P > 0.05), however. Increas-
ing the level of dietary CP increased the apparent DM
and NDF digestibility (P < 0.05) and apparent N digest-
ibility (P < 0.001).

The urea-N kinetics data are shown in Table 4. Urea
production (UER) increased linearly (P < 0.01) with in-
creasing the level of dietary protein (Table 4) although
diet 2 did not differ (P > 0.1) from diet 1. The amount
of urea-N excreted in urine and milk increased quadrati-
cally (P < 0.01) while the proportion of urea excreted
from the total produced increased linearly (P < 0.01).
Increasing the level of protein in the diet did not change
(P = 0.77) the total amount of urea-N recycled to the GIT.
The amount of nitrogen returning for urea synthesis
increased with increasing levels of protein in the diet,
but the variance was high, and there were no statistical
differences among dietary TRT. The proportion of GER
that re-entered to the ornithine cycle increased linearly
(P < 0.01) with increasing levels of protein.

The 48-h rumen and blood sampling data are shown
in Table 5. There was no effect (P > 0.05) of treatment
diets on ruminal pH, and individual or total VFA concen-
tration. Ruminal ammonia N and PUN differed (P <
0.001) among treatment diets, and values increased as
the level of dietary CP increased.

The fraction of indigestible NDF of the corn silage,
determined using nylon bags in situ, is shown in Figure
2. Treatment diets significantly affected fiber digestibil-
ity (P < 0.05). The overall (4-week period) least square
means (LSMeans) are 62.4, 61.0, and 54.2% indigestible
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Table 3. Least squares means for lactation variables of treatment diets.

Diet1 Significance2

1 2 3 SE TRT T T × TRT

Milk Production, kg/d 15.5a 18.8b 21.7c 1.14 *** ***(Q) ***(Q)
Fat, % 3.67a 4.18b 4.10b 0.12 *** **(Q) NS
Protein, % 3.32a 3.52b 3.56b 0.08 * ***(L) NS
MUN DHI, mg/dl 5.3a 6.3a 9.4b 0.54 *** ***(Q) **(Q)
MUN (urease), mg/dl 4.8a 6.3a 14.0b 0.67 *** ***(Q) **(Q)
PUN, mg/dl 2.5a 4.5b 11.6c 0.27 *** *(Q) NS
Total DMI, kg/d 17.6a 20.0b 21.2b 0.79 * ***(Q) **(Q)

1Treatment effects within rows with different letter superscripts differ (P < 0.05).
2TRT = treatment; T = time, as day number. L = linear; Q = quadratic; NS = non significant; PUN =

plasma urea nitrogen; MUN = milk urea nitrogen.
*P < 0.05.
**P < 0.01.
***P < 0.001.

NDF in corn silage for treatment diets 1, 2, and 3, respec-
tively. The time effect (week number) excluding the pre-
trial data was significantly (P < 0.001) quadratic, and
there was no interaction between time and treatment
effect. The CP of dietary ingredients varied throughout
the lactation trial. While the variance of the corn silage
and HMC CP content throughout the lactation trial was
low (9.4 ± 0.3% CP, and 8.7 ± 0.5% CP; respectively) the

Table 4. Diet digestibility, efficiency of N utilization, and N kinetics.1

Diet2

1 2 3 SE P value

DMI, kg/d 16.8 19.9 20.0 1.7 0.39
Total N intake, g/d 258.5a 364.3ab 471.7b 40.2 *
Fecal N output, g/d 124.5 142.0 138.5 12.1 0.58
Urine N output, g/d 39.5a 51.6a 139.4b 10.2 ***
Milk N output, g/d 65.6 93.9 104.5 15.4 0.26
N Balance, g/d 27.3a 75.1b 87.6b 12.5 *
Digestibility, %
Apparent DM 62.0a 67.3b 69.2b 1.5 *
Apparent N 51.5a 61.0b 70.6c 1.8 ***
NDF % 50.1a 55.4b 56.3b 1.5 *

N partitioning, % of N intake
Fecal N 48.5a 38.9b 29.4c 1.8 ***
Urine N 15.7a 14.3a 29.7b 1.9 **
Milk N 24.6 25.7 22.1 3.9 0.8

N kinetics3

UER, g/d 91.6a 130.9a 219.9b 27.8 *
MUUN, g/d 8.6a 25.4a 110.5b 11.8 ***
GER, g/d 83.0 105.5 109.4 27.4 0.77
ROC, g/d 13.2 21.0 35.1 6.2 0.11
u, % 10.1a 22.0a 49.9b 5.2 **
r, % 15.2a 19.1a 33.0b 2.8 **

1Conducted with the 9 ruminally fistulated cows.
2Treatment effects within rows with different letter superscripts differ (P < 0.05).
3UER = Urea-N entry rate, MUUN = Milk and urinary urea-N, GER = Gastointestinal Entry Rate, ROC

= urea returned to the Ornithine Cycle, u = proportion of urea excreted from the total produced, r = proportion
of GER that re-entered to the ornithine cycle.

*P < 0.05.
**P < 0.01.
***P < 0.001.
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variance of the hay CP content was high (8.3 ± 1.5%
CP), and therefore, the variable CP may explain the
variation in the indigestible NDF values by week.

The digestion parameters for the CNCPS carbohy-
drate fractions in each diet feed ingredient are given in
Table 6. The overall CNCPS predictions of performance
using feed carbohydrate digestion rates obtained using
in vitro gas production measurements (rates obtained
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Table 5. Least squares means for rumen and blood treatment diet effects.

Diet1 Significance2 (P value)

Measurement 1 2 3 SE TRT T TRT × T

pH 6.2 6.3 6.1 0.1 0.18 *** 0.21
Total VFA, mM 83.4 72.6 82.4 4.6 0.23 ** *
Acetate, mM 55.9 47.1 57.1 4.8 0.33 ** ***
Propionate, mM 17.0 16.2 15.4 1.5 0.78 * 0.33
Butyrate, mM 10.6 9.4 10.3 1.1 0.73 0.27 0.29
Acetate:Propionate 3.3 3.2 3.9 0.6 0.73 0.22 0.36
Ammonia N, mg/dl 1.2a 4.5b 10.0c 0.4 *** *** *
PUN, mg/dl 2.6a 5.7a 12.3b 1.1 *** *** ***

1Treatment effects within rows with different letter superscripts differ (P < 0.05).
2TRT = treatment, T = sampling time, PUN = plasma urea nitrogen.
*P < 0.05.
**P < 0.01.
***P < 0.001.

by fitting either equations 1 and 2 combined or only using
equation 1) or using the CNCPS feed library values, with
or without the N adjustment, are shown in Table 7.

Across all treatments, the N adjustment reduced (P >
0.05) the mean and model bias when the carbohydrate
digestion rates from the in vitro fermentation were ob-
tained fitting equations 1 and 2, and when the CNCPS
feed library carbohydrate digestion rate values were
used. Using carbohydrate digestion rates obtained from
the in vitro fermentation and fitting equation 1 resulted
in an under prediction of metabolism (MP) allowable
milk production by the CNCPS without and with the N
adjustment (Table 7). The CNCPS predicted ruminal N
balance (% of required), and treatment diet mean and
model biases without and with the N adjustment, and
with measured or feed library carbohydrate digestion
rates are in Table 8. The LSMeans for RNB (% of re-
quired) predicted by the CNCPS differed (P < 0.0001)
among treatment diets for either measured or feed li-
brary carbohydrate digestion rate values. The predic-
tions of milk production by the CNCPS without and
with the N adjustment, and with library carbohydrate
digestion rates, using individual cow data throughout
the lactation trial are shown in Figure 3.

Table 6. Kinetics of gas production from the in vitro fermentation data by fitting either equation 1 or
equations 1 and 2, and CNCPS feed library carbohydrate digestion rates (%/h)1.

Equation 1 + 2 Equation 1 CNCPS values

Sample A+B1 B2 A+B1 B2 A B1 B2

Corn Silage 24.4 8.6 13.1 6.1 10 35 6
Hay 14.2 6.8 14.2 4.7 250 30 4
HMC2,3 24.4 11.0 13.1 9.8 50 30 6

1For the corn silage and hay, values are means of 4 samples. The corn silage A+B1 was assumed to be
the same as for the HMC A+B1.

2HMC = high moisture corn.
3For the in vitro fermentation data (Equation 1 + 2 and Equation 1) the A+B1 digestion rate was obtained

from the whole sample fermentation, and the B2 rate was from using either Equation 1 + 2 or Equation 1.
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DISCUSSION

In high-energy rations with ingredients of low nitro-
gen solubility, supplementation with urea has been
shown to increase milk production in early lactation Hol-
stein cows (Kwan et al., 1977). However, in order to
achieve a positive control diet, Kwan et al. (1977) added
soybean meal and brewers’ grains to their diets. There-
fore, the improvements in performance and digestibility
might have been due to a combination of more balanced
sources of dietary N (NH3 versus amino acids, and pep-
tides), which improved microbial growth (Russell et al.,
1992; Carro and Miller, 1999), and supply of undegrad-
able protein. In our study, urea was the only source
of N added to increase the CP levels of the diets, and
therefore, any increases in MP allowable milk were due
to an improvement in the ruminal N supply.

The lower DMI of treatment diet 1 compared to diets
2 and 3 could be explained by a lower DM digestibility,
and due to a reduction in NDF digestibility (Table 4).
Data on fiber digestibility in dairy cows consuming
highly fermentable feeds and with a ruminal N defi-
ciency are not available. However, ruminal N deficienc-
ies in steers consuming low quality forages (Olson et al.,



RUIZ ET AL.2994

Figure 2. NDF digestibility based on in situ corn silage (32 % DM, 8.7 % CP, and 43.3 % NDF), 30-h rumen incubation for pretrial (P),
and trial weeks. White, gray, and black columns represent treatment diets 1, 2 and 3, respectively. Columns within wk with different
superscripts differ (P < 0.05).

1999), and goats consuming wheat straw diets (Oosting
and Waanders, 1993) caused a reduction in fiber digest-
ibility, a decrease in fiber passage rate, and a depression
in DMI. Van Soest (1994) concluded that diet CP levels
must be at least 6 to 8% CP to satisfy the N requirements
of ruminal bacteria on poor quality fiber diets, and that
below that level, DMI and digestibility are depressed.
In the present study, calculations from Table 4 show that
the depression in fiber digestibility occurred at higher CP
levels (9.6% of CP). This was expected, given the higher
digestibility and quality of the fiber in our diets com-
pared to the data evaluated by Van Soest. Increased
fiber digestibility of diets in the present study support
a greater growth of fiber-digesting bacteria that require
ammonia (Bryant, 2001).

VFA can contribute up to 70% of the caloric require-
ment (Bergman, 1990) in domestic ruminants such as
sheep and cattle. There were no dietary treatment differ-
ences in individual and total VFA concentrations (Table

Table 7. Evaluation of the CNCPS N deficiency adjustment1.

R2 Mean bias (kg milk)

No N N No N N
Rate adjustment adjustment adjustment adjustment

Equation 1 0.68 0.69 −3.5a (22.0%) −3.7a (23.0%)
Equation 1 + 2 0.72 0.69 +3.7a (16.2%) +0.5b (2.8%)
CNCPS values 0.72 0.68 +3.3a (14.6%) +0.01b (0%)

1CNCPS = Cornell Net Carbohydrate and Protein System. Mean bias is the average of predicted minus
observed values. Letter superscripts indicate the mean bias significance.

aP < 0.001, bP > 0.05. Model bias, in parenthesis, is the average of predicted minus observed values divided
by predicted values.
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5) in the present study. Henderson et al. (1969) reported
that fermentation was uncoupled from bacterial growth
under N limited conditions. While VFA concentrations
in the rumen are widely used in the literature to make
inferences about ruminal fermentation, our results are
in agreement with those from Dijkstra et al. (1993),
which indicated that ruminal VFA concentrations might
not reflect net production.

The early in vitro work of Satter and Slyter (1974)
suggested that increasing ammonia N concentration
above 5 mg/dl had no effect on microbial protein produc-
tion. Further work suggested that whenever ration pro-
tein in lactating cows was higher than 12.5% or rumen
ammonia N concentration was higher than 4 mg/dl, the
addition of NPN would not improve milk production (Rof-
fler and Satter, 1975). Mehrez et al. (1977) found that
the minimal ammonia concentration to maximize the
rate of fermentation in sheep fed barley supplemented
with different levels of urea was 23.5 mg/dl. Apparently,
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Table 8. Evaluation of the CNCPS N deficiency adjustment with each diet treatment1.

Equation 1 Equation 1 + 2 CNCPS

Mean bias (kg milk) Mean bias (kg milk) Mean bias (kg milk)

No N N No N N No N N
Diet RNB adjustment adjustment RNB adjustment adjustment RNB adjustment adjustment

1 99.4 −2.2a (15.0%) −2.8a (20.4%) 77.7 +4.4a (20.8%) −2.4a (16.7%) 76.8 +4.0a (19.3%) −2.9a (21.3%)
2 117.3 −3.3a (20.8%) −3.3a (20.8%) 91.0 +3.9a (16.8%) +1.1a (5.3%) 89.7 +3.5a (15.5%) +0.4b (2.1%)
3 144.1 −4.8a (29.1%) −4.8a (29.1%) 111.0 +2.8a (11.5%) +2.8a (11.5%) 109.8 +2.4a (9.9%) +2.4a (9.9%)

1CNCPS = Cornell Net Carbohydrate and Protein System. Mean bias is the average of predicted minus observed values. Letter superscripts
indicate the mean bias significance.

aP < 0.001.
bP > 0.05. Model bias, in parenthesis, is the average of predicted minus observed values divided by predicted values. RNB = ruminal N

balance (% of N required predicted by the CNCPS).

different substrates require different concentrations of
ammonia for optimal yield (Ørskov, 1992). Using in situ
fermentations, Erdman et al. (1986) concluded that the
ruminal ammonia concentrations needed to maximize
digestion are a function of fermentability of the diet.
Odle and Schaefer (1987) reported greater demand for
ruminal ammonia N concentrations to maximize the deg-
radation rate of barley than that required to maximize
the degradation rate of maize. In steers fed diets based
on dry rolled corn (85% rolled corn), the supplementation
of urea resulted in an increase in ruminal ammonia N
from 6.3 mg/dl to 10.0 mg/dl, and ruminal digestion was
improved (Milton et al., 1997). In the present study,
where a source of highly degradable carbohydrates was
available, increasing ruminal ammonia N concentra-
tions from 4.5 mg/dl to 10.0 mg/dl (Table 5) resulted in
an improvement in ruminal NDF digestibility (Figure 2),
with a consequent increase in DMI and milk production
(Table 3).

In this study, the in situ corn silage 30-h rumen incu-
bation showed no (P > 0.05) overall differences in NDF
digestibility between treatment diets 1 and 2 (62.4 vs.
61.0% indigestible NDF, respectively). However, treat-
ment diet 2 had a greater total tract NDF digestibility
than diet 1 (Table 4). It is possible that the 30-h rumen
incubation time might have been shorter than the actual
feed retention time in the rumen, which would explain
why a difference was not found. It is also possible that
the higher total tract NDF digestibility in treatment diet
2 than in diet 1 might have been due to digestibility
compensation in the lower gut. In cattle fed concentrates,
approximately 65 to 75% of the total urea-N recycled to
the GIT enters the forestomachs (Lobley et al., 2000).
In the present study, there was no difference among
diets in the total amount of urea-N recycled to the GIT
(Table 4). However, the method used considers the gas-
trointestinal tract as a single compartment (Lobley et
al., 2000). Because intake of diet 2 was greater than that
for diet 1 (Table 3), if more nonfermented carbohydrates
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reached the lower digestive tract on this diet it is possible
that an influx of urea-N occurred, and therefore, im-
proved the total tract NDF digestibility (Table 4). Given
that VFA are readily absorbed from the rumen as well
as from all segments of the lower digestive tract (Berg-
man et al., 1990), an improvement in lower digestive
tract fiber fermentation could yield the extra acetate
needed for de novo synthesis of fatty acids (Bauman,
1976), which was reflected in a greater milk fat percent-
age of milk from cows fed treatment diet 2 than the
treatment diet 1 (Table 3). Treatment diet 2, however,
had a greater milk protein percentage than treatment
diet 1 (Table 3), and when MP is the first limiting nutri-
ent, it is likely that a positive impact on milk production
will result from greater amounts of microbial protein
flow from the rumen. While data on N recycling to the
gastrointestinal tract in dairy cows are lacking, it is
reasonable to hypothesize that the urea-N entering the
rumen compared with that entering the intestines can
be affected by the carbohydrate fermentation site in the
GIT. The use of more complex approaches that separate
the GIT into different compartments such as rumen,
small intestine, and lower digestive tract (Siddons et
al., 1985) are needed in order to assess the nutritional
importance of the N recycling to the lower digestive tract.

In the CNCPS, carbohydrates are divided into four
fractions: A (sugars, short oligosaccharides, and organic
acids), B1 (starch and soluble fiber), B2 (digestible fiber),
and C (indigestible residue) (Sniffen et al., 1992). Be-
cause of the small size of the A fraction in corn (Chen
et al., 1999) and the lack of uniformity of the NDS frac-
tion in forages (Schofield and Pell, 1995) and in byprod-
uct feeds (Hall et al., 1998), separate measurement of
the digestion rate of the A and B1 fractions remains
problematic. As a result, the digestion rate of the com-
bined A+B1 fraction was determined using a curve sub-
traction approach with data from fermentations of the
whole forage and the isolated fiber extracted with neu-
tral detergent. In the present study, the rate of digestion



RUIZ ET AL.2996

of the NDS fraction of the HMC obtained from the in
vitro fermentation data was highly affected by including
the fermentation data before the lag time (Table 6). This
had a great impact on the prediction of milk production
by the CNCPS (Tables 7 and 8). Combining equations 1
and 2 to fit the in vitro gas production measurements
for the HMC resulted in a better fit than only using
equation 1 (larger F-value, data not shown). The better
fit obtained by combining equations 1 and 2 is due to
the sigmoidal shape of the fermentation curve. While
the changes in the B2 digestion rate of the corn silage
and hay are not as large as those for the HMC (Table

Figure 3. Prediction of milk production by the Cornell Net Carbohydrate and Protein System (CNCPS) without and with the N adjustment,
and using library carbohydrate digestion rates. Labels represent the relationship between observed (o) milk (M) and CNCPS-predicted (p)
milk, without (A) and with (B) N adjustment. The line Y = X (dashed line) represents agreement between observed and predicted milk
production. The regressions without and with the N adjustment are Mo = 1.08 + 0.80 × Mp (r2 = 0.72, SE = 0.19), and Mo = 7.89 + 0.59 × Mp
(r2 = 0.68, SE = 0.20), respectively. Deviations (CNCPS-p minus observed milk) are without (C) and with (D) N adjustment vs. observed
milk. The solid line represents no bias or error; the dashed line represents the mean bias. The mean biases without and with the N adjustment
are 3.3 kg of milk (over prediction model bias of 14.8 %, P < 0.001) and 0.01 kg of milk (over prediction model bias of 0.0 %, P = 0.96),
respectively. Data shown are for individual weeks of observations on individual cows.
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6), combining equations 1 and 2 also resulted in a better
fit of the fermentation data to the mathematical model
due to the sigmoidal shape of the fermentation curve.
The hay NDS fraction, obtained by curve subtraction,
has a clear exponential shape, and no lag; therefore, its
digestion rate was not affected by inclusion or exclusion
of the data before the lag time (Table 6). The validity of
the curve subtraction approach requires that the digest-
ibility of the NDF fraction not be affected by the ND-
extraction (Schofield and Pell, 1995). While previous re-
searchers have found either small (Schofield and Pell,
1995) or no changes (Doane et al., 1998) in fiber digest-
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ibility after ND extraction, the extraction process in-
creased (P < 0.001) the digestibility of the NDF fraction
in the present study by 17.6% for the hay samples and
by 9.9% for the corn silage samples. Schofield and Pell
(1995) found that on average, the digestibility of the
NDF fraction from clover and timothy samples increased
6.7 percentage units, which represented a 10.6% in-
crease in digestibility of the extracted samples. The mag-
nitude of that increase is comparable to that seen for the
corn silage samples in the present study. The influence of
the increase in the digestibility of the ND residue on the
rate of digestion should be considered. Van Soest et al.
(2000) proposed an approach for predicting fiber diges-
tion rates; the calibration data set was limited to alfalfa
and grasses, however, and further work is needed to
improve and validate the proposed method.

While the rates of digestion of the B2 fraction in the
hay and corn silage samples are similar to the CNCPS
feed library values when the fermentation data before
the lag time is included (Equation 1), the rate of digestion
of the A+B1 fraction of the HMC is more closely related
to the values obtained by zeroing the fermentation data
before the lag (Equation 1+2, Table 6). Because of the
better fit of the exponential mathematical model to the
in vitro gas fermentation data when the values before
the lag time are zeroed, researchers (Schofield and Pell,
1995; France et al., 2000) have been determining the
rate of degradation of ruminant feeds by zeroing the
fermentation data before the lag time. In the CNCPS
the rates of digestion are from in situ data (Sniffen et
al., 1992) without zeroing the data before the lag. The
length of the lag in vitro could be affected by the nature
of the substrate fermented, the microbial species inocu-
lated, and the amount of inoculum added (Pell and Scho-
field, 1993), and its existence in vivo is not certain. For-
ages must be chewed and ruminated extensively to re-
duce particle size and enable rumen microbes to
penetrate feed particles and initiate digestion (Beauche-
min, 1991). Ewing and Johnson (1987) concluded that
both in vitro and in situ techniques underestimate rumi-
nal starch digestion rates. The rate and extent of starch
digestion depends on starch type, processing prior to
ingestion, and other feedstuffs in the diet (Mills et al.,
1999). Therefore, the nonuniformity of the carbohydrate
fractions in feedstuffs will cause differences in the
shapes of the curves from in vitro fermentation, and
mathematical equations used to model the in vitro fer-
mentation data yield different fits. While Schofield and
Pell (1994) found that two bacterial growth models (logis-
tic and Gompertz) used to fit in vitro fermentation data
gave optimal fits, Dhanoa et al. (2000), using a broader
set of samples, found differences between the models.

The complexity of the rumen system and the technical
difficulties of estimating microbial protein synthesis
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have yielded few reliable predictors of either microbial
protein synthesis or microbial efficiency (Dewhurst et
al., 2000). Because of this problem, Firkins et al. (1998)
concluded that empirical approaches to predicting micro-
bial N flow to the duodenum seem likely to be more
accurate than mechanistic models. In the present study,
we did not measure microbial protein synthesis in the
rumen, and the improvements in performance due to
the expected increase in rumen microbial yield by in-
creasing N availability were assessed by the animal’s
milk production responses, which was a sensitive test
of the CNCPS rumen microbial growth model. The ad-
justment for N deficiency reduced the overprediction of
milk production using the CNCPS feed library rates and
when the digestion rates were obtained by excluding the
fermentation data before the lag (Equation 1+2) (Table
7). When the digestion rates were obtained including
the fermentation data before the lag (Equation 1) the
CNCPS was already underpredicting milk production,
and therefore, the N adjustment increased the bias to-
wards underprediction. The N adjustment modifies the
predictions of fiber digestion and microbial protein syn-
thesis only if the RNB is under 100% (Tedeschi et al.,
2000). The carbohydrate digestion rates dictated
whether or not the CNCPS-predicted RNB was positive
or negative. In Table 8, the RNB are shown on a treat-
ment basis. Similar results are obtained when using the
CNCPS feed library rates and when the digestion rates
were obtained zeroing the fermentation data before the
lag (Equation 1+2). While it appears that the N adjust-
ment is overadjusting the predictions of milk production
in treatment diet 1, the analysis of that particular treat-
ment had some limitations. The CNCPS uses a fixed
coefficient for the efficiency of use of MP during lactation
of 65%, which is comparable to the 67% efficiency used
in the NRC (2001). However, with N deficient diets, the
efficiency of use of N can be as high as 75% (NRC, 1985).
Using an efficiency of MP of 75% for treatment diet 1
resulted in no bias for that particular treatment (data
not shown). The CNCPS model overpredicted milk pro-
duction in treatment diet 3 using either the CNCPS feed
library rates or zeroing of the fermentation data before
the lag (Equation 1+2). The origin of the over-prediction
using the feed library rates came primarily from higher
A and B1 digestion rate values, which suggests that they
are too high for the feeds used in this study. The latter
overprediction is mainly a consequence of higher B2 di-
gestion rate values (Table 6).

The CNCPS uses an equation from the NRC(1985) to
calculate rumen N recycling. While the method used in
the current study estimates N recycling to the entire
GIT, the NRC equation predicts N recycling to the ru-
men. The ratios between the predicted urea recycled to
the rumen and the measured urea recycled to the total
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GIT were 1.24, 1.22, and 0.77 for treatment diets 1, 2,
and 3, respectively. While the value for treatment 3 falls
within the range reported by Lobley et al. (2000), values
for treatment diets 1 and 2 suggest that predicted N
recycling to the rumen was greater than what was mea-
sured for the whole GIT, which implies that the equation
does not accurately predict N recycling from N deficient
diets fed to lactating cows.

In the CNCPS, ruminal pH is predicted from the effec-
tive NDF (eNDF) content of the ration, but the effect of
nonfiber carbohydrate digestion rate is not considered.
When diet NDF is lower than 20% of the DM, microbial
yield is reduced in a linear fashion regardless of the
other carbohydrates (Russell et al., 1992). Likewise, if
the eNDF value of a diet is lower than 24.5% the digest-
ibility of the B2 carbohydrate fraction is decreased for
the effect of ruminal pH (Fox et al., 2000). According
to the CNCPS the eNDF value of the treatment diets
averaged 29%, and therefore, there was no ruminal pH
adjustment which meant the predicted ruminal pH value
was 6.46 for all treatment diets. While the NDF content
of the treatment diets was adequate to provide an ideal
fermentation, the source of carbohydrate used was
highly fermentable. Treatment diet 3 had the greatest
DMI, and ruminal pH was the lowest; therefore, micro-
bial yield and the B2 carbohydrate digestibility might
have been overestimated with the consequent overpre-
diction of milk production.

CONCLUSIONS

A deficiency in ruminal N in lactating dairy cows can
cause a decrease in rumen and total tract fiber digestibil-
ity, lower DMI, and consequently, a reduction in milk
production. The CNCPS model that adjusts for a ruminal
N deficiency accurately accounted for observed milk pro-
duction. The accuracy of the adjustment, however, varied
among treatment diets. While it appeared that the N
adjustment was overadjusting the predictions of milk
production in treatment diet 1, the use of a fixed coeffi-
cient of 65% for absorbed protein utilization during lacta-
tion does not seem realistic when protein deficient diets
are fed. The CNCPS overpredicted milk production when
the RNB was positive; this overprediction might have
been due to an overprediction of microbial yield and fiber
digestibility due to an overprediction of ruminal pH. In
the present study, the ND extraction process increased
the digestibility of the NDF fraction. More work is
needed in order to assess the impact of that increase on
the rates of digestion, as well as the mathematical model
use to obtain the digestion rate values from the in vitro
fermentation. While our data suggest that the NRC
(1985) equation does not accurately predict N being recy-
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cled to the rumen, there are not enough data on dairy
cows, thus more work is needed to confirm these findings.
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